This work represents an effective design of a temperature regulated PV module by integrating phase change materials for Malaysian weather condition. Through the numerical analysis and experimental investigation it has been shown that if a PCM layer of width 0.02 m of RT 35 is used as a cooling arrangement with a PV module, the surface temperature of the module is reduced by 10 ∘ C, which remains constant for a period of 4-6 hours. This reduction of temperature implies the increase in conversion efficiency of the module. Experiment as well as investigation has been carried out considering typical Malaysian weather. Obtained result has been validated by using experimental prototype and comparative analysis.
Introduction
The power generation of PV module is highly influenced by the temperature. Typical commercial silicon based cells convert only 10-20% of the incident light into electricity; the rest is transformed into heat, which causes a rise in temperature of the PV module. Such elevated operating temperatures are known to reduce the solar to electrical conversion efficiency making temperature a significant factor of consideration. To enhance the efficiency of the PV module it is important to keep the operating temperature as low as possible, preferably at the level of so-called standard test conditions (STC) or 25 ∘ C temperature with 1000 W/m 2 irradiation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . So, the efficient temperature regulation of PV modules can increase its efficiency by a significant level. Typically at high irradiance a PV temperature reduction of about 20 ∘ C is reported, which leads to a 9-12% increase in electrical yield depending on stratification. Hence, the application of phase change materials (PCM) can be a better solution for this purpose, because phase change materials have a high heat of fusion; they can absorb a lot of energy before melting or solidifying and the temperature remains constant during this phase transition. As a result when PCM is integrated with PV module due to the heat absorption property the temperature of the module remains at a constant level for this transition period. A number of works have been carried out throughout the few years related to this topic, but most of these are based on highly complicated numerical platform such as CFD, Multiphycis, and Energy plus [8] [9] [10] [11] . But for this a work a comprehensive and simple numerical analysis has been carried out with MATLAB. The earlier works are mostly based on numerical analysis and have been carried out in European zone such as Ireland and Netherlands [12] [13] [14] [15] . But this experiment has been performed at Malaysian weather conditions and a complete experimental procedure has been explained with the numerical analysis. phase change materials. When the temperature of the PV module reaches the melting point of the PCM, the operating temperature of the module gets stacked at that level and remains constant during the phase transition.
However, the complete work has been carried out according to the steps, which are shown in Figure 1 .
After completing all the steps shown in Figure 1 the prototype was built. Figure 2 represents the schematic arrangement of the integrated PV-PCM system. Some issues should be considered at the time of designing the prototype as PCM should be melted on a nonsticky jar and poured on the rear part of the PV panel without affecting the electrical connection; while covering the panel with fiber-optic glass make sure that it has got a perfect insulation. Otherwise the phase change materials may leak at the liquid phase.
Numerical Analysis of a PV-PCM System
The thermophysical relationship between the PV module and phase change materials can be represented by the reference system of Figure 3 .
According to the reference system the energy balancing equation of the PV-PCM system can be represented by the following equation [1, 12, 15, [18] [19] [20] [21] [22] [23] :
(1)
The difference between the input and output energy is equal to the rate of temperature change times to the specific heat capacity ( PV ) of the PV module. To calculate the temperature of PV-PCM system with respect to time, the value of ( PV / ) has to be calculated from the above equation. This needs to calculate the terms of the right sides of the main equation, which can be found out by the following equations.
Effective irradiance can be calculated by
The radiated energy can be calculated the by Stefan-Boltzmann law, which states the relation between temperature and radiation as follows:
is the sky temperature which can be calculated by modified Swinbank equation: = 0.037536
And the term electrical power depends on the insolation and temperature of the module and described by the following equation:
The heat loss caused by convection can be defined as
where ℎ stands for the heat loss coefficients.
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ℎ front,forced = 2.8 + 3.0V; V is the velocity of wind,
The energy stored by the phase change material is equal to the heat conduction that occurs from the PV panel to the PCM; it can be calculated by one-dimensional heat conduction method. The heat conduction from the PV panel to the phase change materials ( ) can be calculated in three stages, which are
After combining all the terms of the reference equation (1), finally the expression for the rate of temperature change of the PV-PCM takes the form of
However using the above equations the effect of phase change materials on temperature of PV system can be calculated by different numerical methods such as computational fluid dynamics (CFD), energy plus simulation platform, ANSYS, and MATLAB. However due to availability and versatile use aspects, MATLAB platform has been chosen for this work.
Experimental Prototype in Lab Environment
The most challenging part of this work is the development of experimental setup. In this work, an initial experimental prototype of PV-PCM system was built up in laboratory environment. The work has been completed in some steps such as melting of PCM, integrated with the rear part cooling of the PV-PCM system, covering the rear part with fiber optic glass, selection of position for taking temperature from the surface of module using movable thermocouple. This experimental setup of the PV-PCM system was used to validate the output obtained from the numerical simulation. While designing the experimental prototype some points should be kept in mind as PCM should be melted with necessary precautions, after integrating PCM the rear part of PV module should be insulated properly, and most importantly the module's electrical terminal should not be affected. However, Figure 4 represents the complete development procedure of the PV-PCM system for this experiment.
Result and Discussion
According to the numerical simulation the temperature output of the PCM integrated PV module with respect to different irradiations has been shown in the given figures. Figure 5 shows that temperature of the PV module without PCM rises to 70 ∘ C at a constant radiation of 1000 W/m 2 ; when a PCM layer of RT 35 is integrated with the module, the temperature reduced to 35 ∘ C and it withstands for half of the simulation period, while the simulation has been carried out for 8000 s (second).
Similarly, Figure 6 shows that temperature of the PV module without PCM rises to 60 ∘ C at a constant radiation of 750 W/m 2 ; but after using the layer of phase change material (RT 35), the temperature of the PV module reduces to 35 ∘ C and it remains constant for half of the simulation period.
Figures 5 and 6 represent the feasibility of using a PCM layer with a PV module to reduce the operating temperature of the complete system in numerical platform. However, to validate the numerical results, real-time experiment has been carried out on Malaysian weather. Figure 7 shows the average radiation pattern of a Malaysian sunny day. Figure 8 represents the temperature variation of a Malaysian sunny day.
At the above environmental conditions the experiment has been carried out and the obtained results are shown in Figure 9 ; the temperature of the PV module rises to 53 ∘ C without integrating phase change materials but the rise of temperature is limited to 42 ∘ C when a 0.02 m wide layer of PCM (RT 35) is used with the PV module. period of 5 hours (form 11.00 AM to 4.00 PM). So, numerical results and experimental investigation represent the validity of the developed system.
Validation of the Result with Comparative Analysis
Research in this field has been started by end of the previous decades in the cold European region. Especially in Ireland, Netherlands, and Germany a lot of people are working [17] RT-22
on these topics extensively. But the fundamental difference among their approach was the use of different types of phase change materials and main consideration behind this selection was the weather conditions. However, Figure 10 represents some recent and pioneer findings related to the work. In Table 1 it is shown that the temperature profiles of PV-PCM system obtained by different researchers from different regions of the world are quite similar to each other. In this respect, the findings of this paper obtained for Malaysian weather are also very close to the previous results, which ensure the validity of the developed PV-PCM module for Malaysian condition.
Conclusion
The numerical analysis and experiment output show that the application of phase change materials is able to regulate the temperature of PV module by 10 ∘ C for a period of around 6 hours at Malaysian weather. These reductions in operating temperature significantly enhance the conversion efficiency of PV module. So the fundamental objective of this work has been achieved. However, there occur some problems due to the issue of volume change of the PCM while integrating with PV module; if a shape stabilized phase change material can be used the problem will be solved. This will be the future step of this work. 
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